Redox homeostasis is a prerequisite for survival of the pathogen Mycobacterium tuberculosis (Mtb) which employs the low molecular weight thiol mycothiol (MSH). The Mycobacterial NADPH-dependent mycothione reductase (MtMtr), composed of an NADPH-, FAD-, and a dimerization-domain connected by linkers, regulates the balance of oxidized-reduced MSH. Here, we demonstrate by small-angle X-ray scattering, that NADPH-binding alters the oligomeric state equilibrium of the protein with no significant overall structural change after MSH-binding. Mutation of critical residues in the linker regions of MtMtr eliminate partially or totally the NADPH-induced oligomerization effect with simultaneous effect on enzyme activity. The data provide insight into the MtMtr linker regions involved in the novel oligomerization equilibrium of the Mycobacterial enzyme.
Redox homeostasis is a prerequisite for survival of the pathogen Mycobacterium tuberculosis (Mtb) which employs the low molecular weight thiol mycothiol (MSH). The Mycobacterial NADPH-dependent mycothione reductase (MtMtr), composed of an NADPH-, FAD-, and a dimerization-domain connected by linkers, regulates the balance of oxidized-reduced MSH. Here, we demonstrate by small-angle X-ray scattering, that NADPH-binding alters the oligomeric state equilibrium of the protein with no significant overall structural change after MSH-binding. Mutation of critical residues in the linker regions of MtMtr eliminate partially or totally the NADPH-induced oligomerization effect with simultaneous effect on enzyme activity. The data provide insight into the MtMtr linker regions involved in the novel oligomerization equilibrium of the Mycobacterial enzyme.
Keywords: Mycobacterium tuberculosis; mycothiol; mycothione disulfide reductase; oxidative stress; reactive oxygen species; redox homeostasis; tuberculosis Mycobacterium tuberculosis (Mtb) is the major causing pathogen of Tuberculosis (TB). Inside the host cells, Mtb is continuously exposed to a wide range of reactive oxygen species (ROS) and reactive nitrogen intermediates (RNI). Therefore, the maintenance of redox balance and metabolic homeostasis is a prerequisite for survival of Mtb [1, 2] . Mtb employs an advanced machinery composed of low molecular weight thiols (such as mycothiol and ergothioneine) and a thioredoxin system in addition to other proteins such as superoxide dismutase (SOD), catalase (KatG), alkylhydroperoxidase subunit C (AhpC) and alkyl-hydroperoxidase subunit E (AhpE) to neutralize the redox stress generated by the host immune system [2] [3] [4] [5] .
Besides the thioredoxin system present in all eubacteria and eukaryotes, mycobacteria utilize a battery of unique protective enzymes, to neutralize the redox stress generated by the host immune system. This includes the versatile machinery of the mycothioldependent system, containing the proteins mycothione reductase (MtMtr), the oxido-reductase myco-redoxin1 (MtMrx1) and the alkyl-hydroperoxide subunit AhpE (MtAhpE) (Fig. 1A) . The NADPH-dependent MtMtr protein ensemble regulates the balance of oxidized mycothiol (MSSM) and reduced mycothiol (MSH; 1-D-myo-inosityl-2-deoxy-2-(-acetyl-L-cysteinyl)amino-D-gluco-pyranoside), and thus ensuring a reductive intracellular environment for optimal functioning of its proteins when exposed to oxidative stress [1] [2] [3] [4] [5] [6] . MSH is maintained in the reduced form by the MtMtr which utilizes NADPH as the electron donor. The 459-residue long MtMtr comprises the N-terminal pyridine nucleotide-disulfide oxidoreductase domain, which contains the NADPH-binding domain ( Fig. 1) , sandwiched between the two FAD-binding domains and the dimerization domain (residues 345-459). All domains are connected by a linker sequence, which may be critical for conformational alterations during electron transfer from NADPH to MSSM.
Recent small-angle X-ray scattering (SAXS) data and dynamic light scattering experiments revealed that the protein is predominantly dimeric in solution independently of its concentration [5] . The solution shape derived from the SAXS data showed that the two NADPH-binding domains inside the dimeric and substrate-free MtMtr were in different conformations, indicating that the NADPH-binding domain is flexible in solution and might exist in different conformations in solution (Fig. 1 ). There are five steps during the catalytic cycle of MSSM reduction by MtMtr which are critical, namely NADPH-binding (I), electron transfer from the NAD-domain via FAD (II) to the so-called redox active motif 39 CLNVGC 34 (III), which allows reduction in the two-conserved redoxactive cysteines in MtMtr (IV) and thereby, providing the electrons for MSSM reduction (V). In order to understand in part whether the transition states of NADPH-binding, electron transfer, MSSM-binding and its reduction, may go along with overall structural alterations, and whether the two linkers may play a role in the catalytic events, SAXS experiments and enzymatic studies with wild-type (WT) MtMtr and its mutants were performed, which provide the first evidence for NADPH-induced oligomeric changes in MtMtr. The results show that MtMtr exists predominantly as a tetramer in solution after NADPHbinding, with MSSM and NADPH + MSSM having no major influence on the overall enzyme. However, substitutions of amino acids, which were proposed to be critical in the linker region, were shown to alter the NAPDH-dependent oligomerization equilibrium of MtMtr [5] . Such mutations also revealed effects on enzyme activity, which further indicates their importance.
Materials and methods
Cloning of MtMtr, MtMtr S144A , MtMtr S268A and MtMtr D158A-Y159A
Wild-type MtMtr was cloned and expressed as described earlier [5] . Site-directed mutagenesis was employed to generate the mutants MtMtr S144A , MtMtr S268A and MtMtr D158A-Y159A using the primers listed in Table 1 . The primers were used to amplify the whole pET9-d1-His6 plasmid [6] carrying the WT MtMtr construct, following with treatment of the amplified PCR product with Dpn-I (New England Biolabs, Ipswich, MA, USA) to remove the methylated plasmid template. Thereafter, the pET9-d1-His6 vector [6] containing MtMtr mutant was transformed into DH5a cells. The coding sequences and the presence of mutations were verified by DNA sequencing. Fig. 1 . The interplay of three key enzymes of the mycothiol-dependent system and mechanism of an MtMrx1-dependent reduction of MtAhpE. After oxidation of NADPH by the dimeric Mtr (left) the enzyme recycles MSSM to MSH. So far, a mechanism was described in which MtMrx1 reduces MtAhpE via a sulphenic derivative of MtAhpE, which becomes reduced by MtMrx1 in two steps to yield MtAhpE-SH [4] . Based on our earlier study [5] a structural model was proposed, to explain the catalytic cycle of dimeric MtAhpE and subsequent recycling by MtMrx-1. In the newly proposed mechanism of MtAhpE reduction, which is entirely independent on Mrx1, an MSH molecule forms an adduct with MtAhpE in the first step. The S-Mycothiolated adduct is then attacked by a second molecule of MSH, leading to the release of MSSM and the generation of reduced MtAhpE [5] .
Production and purification of WT MtMtr, MtMtr S144A , MtMtr S268A and MtMtr D158A-Y159A
To produce stable WT MtMtr and its mutants, the Escherichia coli BL21 GroEL-ES cell strain was used, which contains a pBAD vector. To express the recombinant proteins, liquid cultures were grown in a shaker incubator in LB medium, containing kanamycin (30 lgÁmL À1 ) and chloramphenicol (35 lgÁmL
À1
) for approximately 2.5 h at 37°C until an optical density (600 nm) of 0.5 was reached. The culture was then cooled to 24°C and induced with arabinose (1 mgÁmL
) to over-express GroEL-ES chaperonechaperonin for 30 mins. Following postinduction with arabinose, the culture was supplemented with isopropyl-b-D-1-thiogalactopyranoside to a final concentration of 1 mM, followed by overnight incubation at 20°C.
Cells producing recombinant MtMtr and the various mutants were lysed on ice by sonication with an ultrasonic homogenizer (Bandelin, Berlin, Germany, KE76 tip) for 3 9 1 min in buffer containing 50 mM HEPES, pH 7.5, 250 mM NaCl. After sonication, the cell lysate was centrifuged at 10 000 g for 35 min at 4°C. The resulting supernatant was passed through a filter (0.45 lm; Millipore, Billerica, MA, USA) and supplemented with Ni 2+ -NTA resin pre-equilibrated in the respective buffer. Recombinant His-tagged proteins were allowed to bind to the matrix for 1.5 h at 4°C by mixing on a sample rotator (Neolab, Heidelberg, Germany). Subsequently, the recombinant proteins were eluted with an imidazole gradient (0-400 mM). The fractions containing MtMtr and the various mutants were identified by SDS/PAGE [7] and further purified by gel filtration chromatography using a Superdex 200 Increase 10/300 GL column (GE Healthcare, Chicago, IL, USA). NADPH-dependent disulfide reductase activity was monitored at 340 nm following the decrease in NADPH absorbance using a stopped-flow spectrophotometer (Applied Photophysics SX20, Surrey, UK). The assay was carried out at 25°C in a buffer containing 50 mM phosphate buffer at pH 7.0, 100 mM ammonium sulfate and 0.5 mM EDTA. One syringe contained 1 mL of 200 lM of NADPH as the substrate, and the other syringe contained 1 mL of 0.5 lM MtMtr and 50 lM of MSSM. During every injection, 60 lL were injected from each syringe to maintain a final reaction volume of 120 lL.
SAXS data collection
Small angle X-ray scattering data of MtMtr and its mutants MtMtr S144A , MtMtr S268A and MtMtr D158A-Y159A , were measured with the BRUKER NANOSTAR SAXS instrument equipped with a Metal-Jet X-ray source (Excillum AB, Kista, Sweden) and V ANTEC 2000-detector system. The instrument uses X-ray radiation generated from a liquid gallium alloy with a microfocus electron source (k = 0.13414 nm) operating at a current of 2.857 mA and a potential of 70 kV. The X-ray beam was focused and monochromated using Montel mirrors. The parasitic scattering is eliminated using two pinhole collimation systems. The sample chamber and beam path were evacuated at approximately 1 Pa and all the measurements were performed at 15°C. The sample to detector distance was set at 0.67 m which covers a range of momentum transfer of 0.16 < q < 4 nm À1 (q = 4p sin(h)/k, where 2h is the scattering angle) [8, 9] . SAXS experiments were carried out at a sample volume of 40 lL and a concentration of around 3.5 mgÁmL À1 each for MtMtr and its mutants in the presence and absence of MSSM, NADPH as well as the combination of both substrates. The data were collected for 10 mins and for each measurement a total of 10 frames at 1 min intervals were recorded. SAXS measurement for a standard compact globular protein, lysozyme, at a concentration of 5 mgÁmL À1 in buffer containing 100 mM acetic acid, pH 4.5 was also performed, employing the same strategy as the above for comparison.
SAXS-data processing
The scattered X-rays, detected by a two-dimensional area detector, were flood-field and spatially corrected. The flood-field correction rectifies the intensity distortions arising due to the nonuniformity in the pixel to pixel sensitivity differences in the detector using a radioactive source ( 55 Fe) supplied by Bruker AXS, Germany. The spatial correction fixes the inherent geometrical pincushion distortion by placing a mask with the regular pattern before the detector and measuring the deviation from regularity in the detected image. The data were converted to one-dimensional scattering patterns as a function of momentum transfer by radial averaging using the built-in SAXS software (Bruker AXS, Billerica, MA, USA). The data were normalized to the incident intensity and transmission of the sample using a strongly scattering glassy carbon of known X-ray transmission. The transmission of X-rays through the sample is determined by an indirect method, in which the integrated counts per unit time for glassy carbon is related to the relative intensity of the direct beam and hence the transmission of the sample [10] . The data were then tested for possible radiation damage by comparing the ten data frames and no changes were observed. The scattering pattern of the buffer was then subtracted from that of the sample, and all the scattering data were normalized by the utilized concentration of the recombinant protein tested. All the data processing steps were performed using the program package PRIMUS [11] . The experimental data obtained for all protein samples were analysed for aggregation using the Guinier region [12, 13] . The forward scattering I(0) and the radius of gyration, R g , were computed using the Guinier approximation assuming that at very small angles (q < 1.3/ R g ) the intensity is represented as I(q) = I(0)Áexp(À(qR g ) 2 /
3) [12] . These parameters were also computed from the extended scattering patterns using the indirect transform package GNOM [14, 15] , which provides the distance distribution function P(r) and hence the maximum particle dimension, D max , as well as the radius of gyration, R g . The normalized Kratky plot has been derived according to [16] . The hydrated volume V p , used to estimate the molecular mass of the protein, was computed using the Porod invariant. The average excluded volume V ex computed using DAMMIF [17] , was further used to estimate the molecular mass of the protein. The theoretical scattering curves from the I-TASSER model were generated and evaluated against experimental scattering curves using CRYSOL [18] . The molecular mass was also determined using the volume of correlation, V c , defined as the ratio of I(0) to its total scattered intensity, which is contrast and concentration independent [19, 20] . Analysis of different populations in the mixture was carried out using the OLIGOMER program [11] which evaluates the weight of the known experimental scattering curves of individual components in the scattering of a mixture of proteins.
Results

SAXS analysis of MtMtr in the presence of NADPH or MSSM
Wild-type MtMtr was purified as described earlier [5] in a buffer without reducing agent and containing 50 mM HEPES, pH 7.5, 250 mM NaCl. WT MtMtr purified under the mentioned condition eluted at around 14 mL on a size exclusion column ( Fig. 2A ). Recent concentration dependent SAXS studies of MtMtr at 1.2, 2.1, 3.0 and 4.5 mgÁmL À1 revealed no concentration dependent change in size [5] . SAXS analysis of a protein in solution provides information about the size (radius of gyration (R g ) and the maximum particle dimension (D max )), low-resolution shape, conformation and the assembly state. To achieve a good signal-to-noise ratio WT MtMtr SAXS studies were carried out at 3.5 mgÁmL
À1
. In the scattering curve, the information about size and shape are at low-angles (called Guinier region) and the surface-tovolume ratio are at higher angles (Porod region). The Guinier region of the scattering curve of WT MtMtr was converted to a Guinier plot (In I(q) vs. q 2 ), which appeared linear and also revealed good data quality (inset of Fig. 2B ). A nonlinear Guinier plot would indicate either aggregation or repulsion in the protein solution. From the slope of the linear fit the R g -value was determined to be 35.54 AE 0.97 A. The extended scattering curve is converted using an indirect Fourier transform to provide the distance distribution function (P(r)), which is a histogram of distances between all possible pairs of atoms within a particle. The P(r) of WT MtMtr showed a single peak and had a slight right-skewed distribution ( Fig. 2C ) with D max of 111 AE 5
A. The R g -values extracted from the P(r) function (35.41 AE 0. 35 A) was in agreement with the R g -values extracted from the Guinier region. Based on the volumes extracted from the higher angle of the scattering data, the Porod-and the excluded volume and enabled to compute the molecular mass (MM) MtMtr + MSSM (red) and MtMtr + NADPH (blue), MtMtr + NADPH + MSSM (green) and the compact globular lysozyme (yellow) with a peak (---; grey), representing the theoretical peak and assuming an ideal Guinier region of a globular particle. (E) The fit of the theoretical scattering curve calculated using OLIGOMER for a mixture of dimer and tetramer (-) for WT MtMtr in the presence of substrate. The black, red, blue and green curves represent the scattering pattern of substrate-free enzyme, MtMtr + MSSM, MtMtr + NADPH and MtMtr + NADPH + MSSM, respectively.
(about 95 AE 10 kDa). This confirms that MtMtr (49.8 kDa according to the sequence) is dimeric in solution.
MtMtr utilizes NADPH to reduce mycothione disulfide (MSSM) to mycothiol (MSH). To unravel possible effects on the quaternary structure of MtMtr in the presence of NADPH or MSSM or both together the respective substrate was incubated with MtMtr in a molar ration of 5 : 1. The Guinier plots for the MtMtr, MtMtr + NADPH, MtMtr + MSSM or MtMtr + MSSM + NADPH appeared linear and revealed good data quality (inset of Fig. 2B The NADPH domain is sandwiched between two parts of the FAD domain. (B) Planned mutation to further probe the effect of substrate binding and structural alteration. S268 and S144 make polar contacts with D305. D158 is in contact with Q240 and L259, whereby residue Y159 is in proximity to Q240, and amino acid G238 is in contact with L260. All the four residues S268, S144, D158 and Y159 were mutated to alanine. (Fig. 2C) .
The scattering curve were transformed to a normalized Kratky plot ((qR g ) 2 (I(q)/I(0)) vs qR g ) [21] . For a well-folded globular protein like lysozyme, the plot shows a defined bell curve profile as seen in Fig. 2D . Such plots showed a larger shift for MtMtr in the presence of NADPH compared to the plot of MtMtr + MSSM, MtMtr + MSSM + NADPH or substrate-free MtMtr (Fig. 2E) , indicating that MtMtr + NADPH has a more anisotropic shape in solution. Since the atomic structure of MtMtr was not available, a homology modelling was used to generate the dimer model [5] , which fits to the experimental data of MtMtr and MtMtr + NADPH with a discrepancy of v 2 = 0.59 and 2.1, respectively. Furthermore, the scattering data allow for ab initio low resolution shape determination and rigid body modelling using high resolution structures from X-ray crystallography or NMR and to validate the model against the experimental data. An extended rigid body modelling approach utilizes the scattering from domains/subunits and account for the missing or flexible linker region. In our previous study [5] , we applied the latter method, whereby a rigid body modelling was performed allowing flexibility for the linker residues of the NADPH-domains of the dimer to generate a model using the CORAL program for the reduced WT MtMtr, which resulted in two conformations for the NADPH-domain (open and close). This CORAL model of the reduced WT MtMtr had a good fit to the experimental data of the presented WT MtMtr (v 2 = 0.44) in the absence of a reducing agent (50 mM HEPES, pH 7.5, 250 mM NaCl), and also revealed poor fitting with WT MtMtr + NADPH (v 2 = 1.37). Attempts to generate a CORAL model for MtMtr + NADPH was not successful since no single model had a good fit to the experimental data. Moreover, the calculated MM from Porod-and excluded volumes for WT MtMtr + NADPH was also higher (~140 kDa). Therefore, mixtures of oligomers were considered, since earlier studies have reported that the related glutathione reductase and dihyrolipoamide dehydrogenase exists as mixture of dimer and tetramer in solution [22, 23] . A tetramer model of MtMtr was generated based on the crystal structure of the human dihydrolipoamide dehydrogenase tetramer identified using the PISA webserver [24] . Both the dimer and tetramer model of MtMtr were used for the OLIGO-MER analysis. The analysis revealed that while the substrate-free MtMtr, MtMtr + MSSM and Normalized Kratky plot of substrate-free MtMtr S144A (•; black), MtMtr S144A + MSSM (•; red), MtMtr S144A + NADPH (•; blue), MtMtr S144A + NADPH + MSSM (•; green) and the compact globular lysozyme (•; yellow) with a peak (---; grey), representing the theoretical peak and assuming an ideal Guinier region of a globular particle. (F) Normalized Kratky plot of substratefree MtMtr D158A-Y159A (•; black), MtMtr D158A-Y159A + MSSM (•; red), MtMtr D158A-Y159A + NADPH (•; blue), MtMtr D158A-Y159A + NADPH + MSSM (•; green) and the compact globular lysozyme (•; yellow) with a peak (---; grey), representing the theoretical peak and assuming an ideal Guinier region of a globular particle. (G) The fit of the theoretical scattering curve calculated using OLIGOMER for a mixture of dimer and tetramer (---) for MtMtr S144A in the presence and absence of substrate. The black, red, blue and green curves represent the scattering pattern of substrate-free MtMtr S144A , MtMtr S144A + MSSM, MtMtr S144A + NADPH and MtMtr S144A + NADPH + MSSM, respectively. (H) The fit of the theoretical scattering curve calculated using OLIGOMER for a mixture of dimer and tetramer (-) for MtMtr D158A-Y159A in the presence and absence of substrate. (Fig. 3A) leads us to propose, that binding of the electron donor to the NADPH-binding site, which is sandwiched in-between the electron acceptor FAD domain-I and -II, may involve the linker regions which connect the FAD domains with the NADPH-binding site.
To investigate this, mutations were designed based on the substrate bound structure of human glutathione reductase (PDB ID: 3DJG) and the MtMtr dimer model [5] . As shown in Fig. 3B , residue S144 of linker 1 has a hydrogen bond interaction with the residue D305 of the FAD domain-II. In addition, the linker 1 amino acid D158 interacts with the amino acids Q240 and L259 of the NADPH-domain, whereby linker 1 residue Y159 has bifurcated hydrogen bond with the NADPH-domain residues G238 and Q240 (Fig. 3B) .
Furthermore, amino acid S268 interacts with D305 of the FAD domain-II (Fig. 3B) . Based on this model, the single alanine mutants MtMtr S144A and MtMtr S268A as well as the double mutant MtMtr D158A-Y159A were engineered. The mutants were isolated to high purity following the protocol of the WT enzyme (Fig. 3C) . NADPH-driven reduction in MSSM by WT MtMtr, MtMtr S268A , MtMtr S144A and MtMtr D158A-Y159A was detected by the decrease in NADPH-absorbance at 340 nm and carried out using a stopped-flow spectrophotometer. As shown in Fig. 3D , substrate-dependent reduction in NADPHabsorbance was observed, indicating that the recombinant proteins were enzymatically active, and the data showed that WT MtMtr (2.13 9 10 À9 mmolÁs
) and MtMtr S268A (2.08 9 10 À9 mmolÁs
) have similar rates of NADPH oxidation. In comparison, the double mutant MtMtr D158A-Y159A revealed a slightly faster profile with an NADPH oxidation rate of 2.36 9 10 À9 mmolÁs À1 , while MtMtr S144A showed a significant increase in enzyme turnover with a rate of 3.31 9 10 À9 mmolÁs À1 .
MtMtr S144A and MtMtr D158A-Y159A mutation abolished the NADPH-induced structural changes in solution
Small angle X-ray scattering patterns were collected for the freshly prepared substrate-free MtMtr S144A (3.9 mgÁmL
, Fig. 4A ) and MtMtr D158A-Y159A (3.9 mgÁmL
, Fig. 4B ) as well as for the NADPH-, MSSM-and MSSM + NADPH-bound forms. The Guinier plots appeared linear and revealed reliable data quality for both mutants (insets of Fig. 4A,B Tables 3and 4) . The R g -values extracted from the distance distribution function agreed to those derived from the Guinier region. Importantly, none of the mutants showed an increase in oligomerization in the presence of MSSM or NADPH or MSSM + NADPH. This was in line with the determined D max -values, which were consistent (Tables 3 and 4) , as well as with the P(r) function, which were similarly shaped, indicating no significant change upon binding to substrates for MtMtr S144A (Fig. 4C) and MtMtr D158A-Y159A (Fig. 4D) . The normalized Kratky plot for MtMtr S144A (Fig. 4E) and MtMtr D158A-Y159A (Fig. 4F) revealed that there is no change in oligomerization upon substrate binding. The mixture analysis for dimer to tetramer ratio, reflected that in the substrate-free MtMtr S144A and MtMtr D158A-Y159A as well as in the presence of MSSM, NADPH and MSSM + NADPH both mutants showed a preferred dimeric state with a population of 75-86% with a good fit to the experimental data (see Fig. 4G ,H and Table 6 ). When compared to WT MtMtr the results suggest that MtMtr S144A and MtMtr D158A-Y159A mutants abolished the substrate-induced oligomeric changes in solution.
MtMtr S268A mutation shows structural alterations upon NADPH-binding
Small-angle X-ray scattering data of freshly prepared MtMtr S268A (3.9 mgÁmL À1 ) were collected in the absence and in the presence of NADPH or MSSM (Fig. 5A) . The good data quality is also reflected by the linear Guinier plots in Fig. 5A (inset) . From the Guinier approximation, R g values for substrate-free
A), NADPH-(R g = 39.33 AE 1.20 A), and MSSM + NADPH-bound (R g = 35.81 AE 0.90 A) MtMtr S268A were derived ( Table 5 ). The R g -values extracted from the distance distribution function agreed to those derived from the Guinier region and are presented in MtMtr S268A was 111 AE 5 A) (Fig. 5B) . The respective normalized Kratky plot of MtMtr S268A in the presence of NADPH showed slightly higher anisotropy and/or extension of MtMtr S268A (Fig. 5C) . The OLIGOMER analysis revealed that in presence of NADPH, MtMtr S268A has a higher fraction (43%) of tetramer as compared to the substrate-free form (30%) (Fig. 5D and Table 6 ). The results presented reflect that in the presence of NADPH, MtMtr S268A has the tetrameric population in-between WT MtMtr and MtMtr S144A or MtMtr D158A-Y159A mutants.
Discussion
For the reductive reaction of MtMtr, binding of NADPH to the oxidized catalyst is very rapid; subsequent transfer of hydride to FAD and reduction in the redox active motif 39 CLNVGC 34 occur at a rate of 129 AE 2 s À1 [6, [25] [26] [27] . In the oxidative reaction, loss of NADP + and binding of MSSM lead to cleavage of the substrate disulfide and formation of MSS-enzyme intermediate, followed by reduction in this disulfide and loss of the MSH product [27] . The data presented here describe for the first time that the first catalytic step of MtMtr, NADPH-binding, promotes the formation of an MtMtr tetramer (Fig. 6 ). Such mechanism of oligomer variations is common e.g. for the family of peroxiredoxins, which alter between catalytically active dimers and decamers [28, 29] or even dodecamers depending on redox regulation [30] , the Dengue nonstructural protein NS5 proposed to switch from a monomer to dimer during the process of the replication complex [31] , or the mycobacterial aspartate decarboxylase PanD, required for pantothenate and CoenzymeA (CoA) biosynthesis, described to occur in a tetrameric [32] and octameric state [33] . Furthermore, NADPH induces tetramer formation with inactivation of the human dihydrolipoamide dehydrogenase [34] or causing an increase in activity of the related glutathione reductase of Cyanobacterium and Spirulina maxima [23] have been reported. Like MtMtr, these enzymes belong to the pyridine nucleotide-disulfide reductase superfamily [35] . Importantly, MtMtr in the presence of MSSM or NADPH + MSSM does not undergo a switch from a dimer to a tetramer ( Fig. 2E and Table 6 ), indicating The data presented demonstrate also, that the NADPH-driven tetramer formation of MtMtr is abolished by mutating the linker-1 residues S144, D158 and Y159 in MtMtr S144A and MtMtr D158A-Y159A . The tetramer model of MtMtr mentioned above (Fig. 6A) , which is based on the crystal structure of the human dihydrolipoamide dehydrogenase tetramer, shows linker 1 being exposed and oriented to the neighbouring MtMtr and in close proximity to the electron donor NADPH as well as to the electron acceptor FAD. Binding of NADPH to its binding-site at the interface of two MtMtr-dimers may cause an alteration sufficient to increase the interaction between both MtMtr-dimers resulting in a tetramer arrangement, which could be similar to a concerted action as described for the lipoamide dehydrogenase [36] or the MSH-binding inside the dimeric interface of MtAhpE [3] . Therefore, substitution of S144, D158 and Y159 in linker-1 may hamper an appropriate structural change in the linker region, thus affecting tetramer formation of MtMtr S144A and MtMtr D158A-Y159A . As a consequence, the two dimeric mutants and in particular MtMtr S144A revealed a higher NADPH oxidation rate (Fig. 3D) . One can speculate whether binding of one NADPH to one of the MtMtr-dimers may cause a negative co-operative effect on the binding of another NADPH to the second catalytic site of the second MtMtr-dimer and would allow a controlled use of the electron carrier NADPH, which is essential for a variety of anabolic reactions inside the cell. Binding modes of negative cooperativity are also described for the energy transducer F-ATP synthase where binding of the first ATP molecule occurs at nmol concentrations at the high affinity site (b1) followed by nucleotide-binding to the second (1-2 lM) and third catalytic b subunit (10-20 lM; [37] ). As mentioned above, NADPH induces tetramer formation with the inactivation of the human dihydrolipoamide dehydrogenase [34] or causing an increase in activity of the related glutathione reductase of Cyanobacterium and S. maxima [23] . Thereby, inside the pyridine nucleotide-disulfide reductase superfamily MtMtr would represent a class of NADPH-driven enzymes undergoing a dimer to tetramer equilibrium with a regulated cooperative substrate-binding mode. In parallel one can hypothesize, that by substituting S144 to an alanine the distance of linker 1, bearing partially the NADPH-binding site, may change the distance between the nicotinamide group of NADPH and the isoalloxazine ring of FAD to allow a faster electron transfer. This would in part explain the observation of the faster NADPH oxidation rate of this mutant in Fig. 3D . The enhanced NADPH oxidation rate for MtMtr S144A and MtMtr D158A-Y159A might be related to the presences of a higher number of dimers which might be more active than the tetrameric form similar to the human dihydrolipoamide dehydrogenase [34] .
In analogy, although S268 of linker 2 is exposed to the two MtMtr-dimer interface, its distance to the NADPH-binding site is larger as compared to S144. Therefore, binding of NADPH may partially effect changes of the linker 2 region. Such alterations may result in the intermediate effect of tetramer formation of MtMtr S268A observed (Fig. 6A) , without a major effect of NADPH oxidation when compared to WT MtMtr (Fig. 3D) .
Taken together, combining structural-, genetic-and enzymatic approaches, we unravelled the NADPH-driven dimer to tetramer formation of MtMtr, which regulates the balance of oxidized-reduced MSH, the key thiol molecule in the pathogen Mtb. Critical residues 
